Common brushtail possums (Trichosurus vulpecula) are environmental and agricultural pests in New Zealand. This article investigates their denning behavior and the response of such behavior to density reduction. Brushtail possums prefer to den in trees with large diameters. Individuals in the populations recovering from density reduction used more den sites than those in preremoval populations. Simultaneous den sharing was uncommon in both preremoval and recovering populations. Sequential den sharing was common and occurred mostly between females and males. Den-sharing frequencies were not reduced by population reduction. Our results indicate that transmission of diseases between brushtail possums through den sharing is not likely to be greatly affected by density reduction.
Common brushtail possums (Trichosurus vulpecula) are nocturnal, arboreal marsupials that were introduced to New Zealand from Australia in the 1840s to establish a fur industry. They later became major environmental and agricultural pests (Clout and Ericksen 2000; Pracy 1962 ). Brushtail possums have caused changes in forest composition in some native forests in New Zealand by selective browsing (Batcheler 1983; Campbell 1990; Green 1984; Meads 1976; Payton 2000) . They also prey on native invertebrates (Cowan and Moeed 1987) and the eggs and nestlings of native birds (Brown et al. 1993; MacLennan 1984) . Brushtail possums are also considered the primary wildlife reservoir of bovine tuberculosis (TB) in New Zealand (Coleman 1988; Coleman and Caley 2000) . Despite all control efforts, their distribution in New Zealand has expanded in the past 15 years * Correspondent: j.weihong@auckland.ac.nz to include most of the North and South Islands (Clout and Ericksen 2000) . In many habitats they occur at densities up to 20 times those in their native Australia (Cowan 1990) . Biological controls, especially immunocontraception, have been investigated as future alternative control methods (Cowan 2000) .
Knowledge of the demography of brushtail possum populations recovering from density reduction is important for predicting the population recovery process after a control operation and for planning future management (Cowan 1993 (Cowan , 2000 Green and Coleman 1984) . Denning behavior such as den sharing may enhance the rate of TB transmission because TB can be transmitted through indirect environmental contamination of dens (Coleman and Caley 2000; Jackson et al. 1995) . Therefore, information on denning behavior and any changes in this in response to control operations is also critical to the efficient control of this pest and to the reduction of TB transmission to farm animals (Cowan and Clout 2000) .
Brushtail possums prefer daytime dens above ground and adopt an adaptive denning strategy depending on availability of dens and habitat type (Caley 1996) . In New Zealand, they use a wide range of locations as den sites, typically in tree hollows, other cavities, and in clumps of perching epiphytes (Cowan 1989; Wilson 1998) . In habitats with few epiphytes and above-ground den sites, brushtail possums den under logs, in dense clumps of ground vegetation, or underground in the burrows of other animals (Clout 1977a; Fairweather et al. 1987; Green and Coleman 1987) . Individuals typically use more than 1 den and change dens frequently (Clout 1977b; Cowan 1989) . Cowan (1989) found that males used more dens than females. However, in an area with high brushtail possum density, Green and Coleman (1987) found that males and females did not choose different sites for dens and did not differ in the number of dens used. In mixed podocarp forest, simultaneous den sharing between brushtail possums (where 2 or more individuals share a den at the same time) is not common and mostly involves females and their young (Paterson et al. 1995) or females and males (Wilson 1998) . However, individual dens are often used sequentially by several different brushtail possums (Cowan 1989; Green and Coleman 1987; Pfeffer et al. 1994; Wilson 1998) . In areas where dens are few and brushtail possum densities are high, simultaneous den sharing in other combinations (male and male, female and female) has also been recorded (Caley et al. 1998; Cowan 1990; Fairweather et al. 1987) . A study on denning behavior in a high-density population showed that simultaneous den sharing was greatly reduced when brushtail possum numbers were reduced (Caley et al. 1998 ). However, changes in the pattern of sequential den sharing in response to density reduction are unknown. Such knowledge is important because sequential den sharing may play an important role in TB transmission (Green and Coleman 1987; Pfeffer et al. 1994) .
We reduced brushtail possum densities in 2 native forest remnants and investigated the denning behavior of the recovering brushtail possum populations from these sites. We then compared our results with those of a previous study on denning behavior of the original populations at the same study sites before the removal operation (Wilson 1998) . In this study, we investigate whether density reduction affects the choice of den sites by brushtail possums, number of dens used, frequency of den swapping, and frequency of den sharing between brushtail possums.
MATERIALS AND METHODS
Our study was conducted in 2 native mixedbroadleaf podocarp remnant forests at Huapai (36Њ47ЈS, 174Њ45ЈE) and Coatesville (36Њ44ЈS, 174Њ40ЈE), near Auckland, New Zealand. A belt of the shrub kanuka (Kunzea ericoides) surrounds both sites, and both fragments lie within a heterogeneous rural landscape matrix. Peripheral vegetation available to brushtail possums in this matrix includes pastures, orchards, pine plantations, and gardens associated with housing. At each site, a trapping grid of 25 treadleoperated cage traps was established in 1995. The distance between adjacent traps on the grids was 50 m, and each grid covered an area of about 6 hectares. In July 1997, after the original populations had been studied for 2 years (Ji et al. , 2001 Sarre et al. 2000) , we removed brushtail possums by kill-trapping. Livetrapping resumed in September 1997 to investigate the recovery of populations at the 2 study sites after the removal operations. Two trapping sessions were conducted, in September and in March each year for 2 years, to monitor population recovery. Live-capture cage traps (baited with apples dusted with fruit-flavored flour) were operated for 2 nights per week for 4 weeks in each session. All procedures performed were within animal ethics guidelines (The University of Auckland, approval number N420).
We anesthetized brushtail possums with ether upon capture and then tagged them with 2 permanent, numbered, metal ear tags (Banding Office, The Department of Conservation, Welling-ton, New Zealand). Sex, maturity, weight, and body measurements were recorded before we released them. Newly captured adult individuals were fitted with 30-g radiocollars (SirTrack Ltd., Havelock North, New Zealand), each operating on a frequency in the 160-161 MHz band. Transmitters were replaced if necessary when animals were recaptured. The trapping sessions were conducted 2 months before each radiotracking session to minimize the effect of captures on brushtail possum movement patterns.
In October-November 1997, radiotransmitters were fitted on 1 female and 3 males at Coatesville and 2 females and 3 males at Huapai; in May-June 1998, on 4 females and 4 males at Coatesville and 4 female and 2 males at Huapai; in October-November 1998, on 3 females and 4 males at Coatesville and 3 females and 2 males at Huapai; in May-June 1999, on 4 females and 3 males at Coatesville and 4 females and 5 males at Huapai. The number of brushtail possums fitted with transmitters varied between tracking sessions. Small sample sizes were due to the low number of recolonizing brushtail possums and the high turnover (losses and gains of individuals) during population recovery, especially in the 1st year after the removal operations. Only 1 individual fitted with a transmitter was present during all 4 sampling sessions.
We conducted 4 radiotracking sessions (each consisting of 2 days per week for 5 weeks in May-June and October-November) at each site during the 2 years after removal of the previous populations. We located daytime den sites of radiotagged animals with handheld Yagi antennas and receivers (Model TR4, Telonics, Mesa, Arizona). We numbered each den site, marked them with plastic flagging tape, and recorded site characteristics. These included topography (ridge, slope, or gully), den type (cavity, epiphyte, or underground), species of tree containing the den site, diameter of the tree (Ͻ20, 20-50, or Ͼ50 cm) at breast height, and density of undergrowth around the den site (dense, moderate, or open).
We surveyed vegetation at the study sites using the point-centered quarter method (MuellerDombois and Ellenberg 1974). The distance between sampling points was 25 m. There were 27 sampling points at Coatesville and 26 at Huapai. We identified 216 trees at Coatesville and 208 at Huapai and measured the diameter of 166 trees at Coatesville and 104 at Huapai.
We used chi-square tests (Zar 1999) to compare differences in den locations and different frequencies of den swapping and den sharing. For sequential den sharing between males and females, we grouped together cases where males used the den 1st with those where females used it 1st.
RESULTS
A total of 52 den sites were used by 15 radiotagged brushtail possums at Coatesville and 37 den sites by 13 brushtail possums at Huapai, during the 2 years after removal operations. All dens were in trees. The majority of dens (94% at Coatesville and 84% at Huapai) were located in epiphyte clumps on the forks of tree trunks and major branches. A small proportion of dens were found under clumps of dead fronds of the tree fern (Cyathea) or in the top of nikau palms (Rhopalostylis sapida). Three dens at Huapai were in holes in fallen logs of unidentified species.
We recorded 19 tree species at Coatesville and 16 at Huapai during sampling by the point-centered quarter method. Of these, 7 species of trees at Coatesville and 7 at Huapai were recorded as bearing den sites (in epiphytes or cavities). There was a clear preference by brushtail possums for certain tree species at both study sites ( Table 2 ). There was no significant difference in the number of den sites recorded in areas with different densities of undergrowth (Coatesville, 2 ϭ 2.1, d.f. ϭ 2, P Ͼ 0.25; Huapai, 2 ϭ 1, d.f. ϭ 2, P Ͼ 0.5; Table 2 ).
All individuals had multiple den sites in all sampling sessions except 1 female at Huapai, who used only 1 den site during the autumn tracking session in the 1st year after the depopulation (Table 3) . The average number of dens used per 10 locations was 3.5 Ϯ 0.48 for males and 4.2 Ϯ 0.46 for females at Coatesville and 4.91 Ϯ 0.57 for males and 3.3 Ϯ 0.4 for females at Huapai. All individuals except the 1 female at Huapai frequently changed den sites (Table  3 ). The average number of den changes per 10 locations was 4.6 Ϯ 0.67 for males and 4.75 Ϯ 0.63 for females at Coatesville and 5.09 Ϯ 0.46 for males and 3.08 Ϯ 0.5 for females at Huapai. Sample sizes of the mean number of dens used and the number of changes in den sites by radiotagged animals were too small for statistical testing. -Sequential den sharing of brushtail possums before and after removal of possums from the site, at Coatesville and Huapai, New Zealand. The term male-male indicates males shared the den sequentially, female-female indicates females shared the den, and female-male indicates that both sexes shared the den (with sequence in either order). Preremoval data from Wilson (1998 Sequential den sharing was common at both sites. Sequential den sharing was rare between females and was only recorded once at Huapai. We recorded 21 sequential den sharings between females and males at both sites, which was more frequent than such den sharing between males (7 at each site; 2 ϭ 7, d.f. ϭ 1, P Ͻ 0.01). The proportion of sequential den sharing was higher in the postremoval population than in the preremoval populations at Huapai ( 2 ϭ 8.78, d.f. ϭ 1, P ϭ 0.003) but was not significantly different between pre-and postremoval populations at Coatesville ( 2 ϭ 3.07, d.f. ϭ 1, P ϭ 0.08; Table 4) .
We recorded only 1 simultaneous den sharing at Coatesville, involving a female and a male. Four instances of simultaneous den sharing were recorded at Huapai, in each case involving the same male and female.
DISCUSSION
Den locations.-Like many other arboreal marsupials (Lindenmayer et al. 1990 (Lindenmayer et al. , 1991 , in their native habitat in Australia, brushtail possums prefer dens in hollows of trees (How and Hillcox 2000; Lindenmayer et al. 1990 Lindenmayer et al. , 1991 . In New Zealand, although brushtail possums also use cavities of trees as den sites (Cowan 1989; Fairweather et.al. 1987) , they mostly den in epiphytic clump on trees (Cowan 1989; Green and Coleman 1987) . We recorded only 3 dens in cavities in fallen trees at Huapai. The majority of dens at both study sites were in epiphytes on living trees. We recorded 7 species of trees at each study site that had dens during the 2-year period after the removal operation. During the same length of time at the same study sites before the population removal, Wilson (1998) recorded 17 species of trees bearing dens at Huapai and 8 at Coatesville. A large proportion of dens both before and after population removal were recorded in Vitex lucens, which tends to have larger diameters and carry large clumps of epiphytes (Wilson 1998) . Some species of trees that had den sites before the removal operation were not recorded as den sites for the recovering populations. These may be regarded as less preferred species. They include Laurelia novaezelandiae, Dacrydium cupressinum, Leptospermum ericoides, and Dysoxylum spectabile. Wilson (1998) observed that all these species were used only by males, except for 1 den of a female found in a Dacrydium cupressinum. This may reflect female dominance over males (Winter 1976) in occupying preferred den sites. Significantly more dens were located on trees with diameter at breast height greater than 20 cm, probably because larger trees tend to have larger and more stable epiphyte clumps (Wilson 1998) . The selection of den sites is apparently unaffected by ground cover, but a significantly higher number of dens were located in gullies than on slopes and ridges, where exposure to wind is greater.
In the lower density postremoval populations, mean number of den sites used per individual per sample period ranged from 2.5 to 4 for females and from 3.5 to 8 for males at Huapai and from 3 to 5.5 for females and from 3 to 6 for males at Coatesville. Before the removal operation, the number of dens used per individual per period was lower (1.0-1.7 for females and 2.0-4.5 for males at Huapai and 0.4-3.6 for females and 2-3 for males at CoatesvilleWilson 1998) . The increase in number of dens used per individual after the removal operation may be caused by brushtail possums using larger ranges when density is reduced. Ward (1978) found that den sites were usually on the periphery of an individual's nightly range. Brushtail possums in other populations in New Zealand and Australia have also been recorded using multiple den sites (Clout 1977a (Clout , 1977b Green and Coleman 1987; How and Hillcox 2000; Lindenmayer et al. 1990 Lindenmayer et al. , 1991 Statham and Statham 1997; Ward 1978) . It may be that possums use multiple dens to reduce infestations of fur-inhabiting ectoparasites, to reduce the risk of potential predators learning their patterns of emergence behavior, or to assist in territorial defense by means of regular use of particular nest sites within the home range of the colony (Lindenmayer et al. 1991) . In addition, some species of marsupials undertake different types of social behavior in different nest trees (Cockburn and Lazenby-Cohen 1992) .
Den sharing (especially sequential den sharing) is common in brushtail possum populations in New Zealand (Caley et al. 1998; Fairweather et. al. 1987; Wilson 1998) . It has also been recorded in their native habitat in Australia (Statham and Statham 1997) . Simultaneous den sharing was recorded once at Coatesville for a femalemale pair and repeatedly for a female-male pair at Huapai, which is similar to the pat-tern recorded by Wilson (1998) for the precontrol populations. Previous studies suggested that simultaneous den sharing is usually observed only in high-density populations (Cowan 1990) or in areas with few potential dens, such as farmlands (Fairweather et al. 1987) . Simultaneous den sharing has been commonly observed between mothers and their young or between ''consort'' pairs of brushtail possums (Winter 1976) , but such sharing between female-female pairs and male-male pairs has also been recorded in a native forest remnant with a high brushtail possum density (18/hectare) (Caley et al. 1998 ). In our study, only adult animals were fitted with transmitters, so the frequency of motheryoung simultaneous den sharing is not known. No simultaneous den sharing between adult females or adult males was observed at either of our study sites during the 2-year period before the removal operation (Wilson 1998) or in the 2 years after the depopulation. This indicates that den sites were probably not a limiting resource at these sites. Sequential den sharing was common in both pre-and postremoval populations. There was a significant difference in frequency of sequential den sharing for different pair combinations, with highest frequency for female-male pairs and lowest for female-female pairs in both pre-(Wilson 1998) and postremoval populations. Caley et al. (1998) reported a decrease in den sharing after density was reduced in a population of unusually high density. This suggests that reducing population density may lead to reduction of den sharing if den sites are a limiting resource before the reduction.
Implications for disease transmission.-Brushtail possums infected with TB are often spatially distributed in clusters (Coleman 1988) . This distribution pattern of infected individuals may be caused by a combination of transmission from mother to daughter, aggregated mating patterns, and environmentally stressful areas (Pfeffer et al. 1994) . Sequential den sharing has been suggested as a possible mechanism for the rapid spread of TB in newly infected populations (Green and Coleman 1987; Pfeffer et al. 1994 ) and as a factor causing the ''cluster'' distribution pattern of TB-infected brushtail possums.
In our study, proportions of both simultaneous and sequential den sharing between brushtail possums at both sites were not reduced after the density was greatly reduced. Although reduction in brushtail possum density reduces the rate of TB infection in livestock (Coleman and Livingstone 2000) , the spread of TB within a brushtail possum population through den sharing may not be lowered by reducing density in populations where den sites are not a limiting resource. However, this retention of den sharing patterns in lower density population may facilitate any biological control that depends on brushtail possum contacts to spread the control agent (Barlow 1993). Even if density is reduced by control operations, contact rates through den sharing are not likely to be affected unless den sites are limited (Caley et al. 1998) . Some other behavior such as dispersal of young animals (Cowan et al. 1997 ) and mating patterns (Ji et al. 2001 ) are also apparently unaffected by population reduction. Therefore, biological control using a vector that is disseminated not only through mating but also through other contacts would be more efficient for the long-term management of brushtail possums in New Zealand.
